The organic matrix in forming enamel consists largely of the amelogenin protein self-assembled into nanospheres that are necessary to guide the formation of the unusually long and highly ordered hydroxyapatite (HAP) crystallites that constitute enamel. Despite its ability to direct crystal growth, the interaction of the amelogenin protein with HAP is unknown. However, the demonstration of growth restricted to the c-axis suggests a specific protein-crystal interaction, and the charged COOH terminus is often implicated in this function. To elucidate whether the COOH terminus is important in the binding and orientation of amelogenin onto HAP, we have used solid state NMR to determine the orientation of the COOH terminus of an amelogenin splice variant, LRAP (leucine-rich amelogenin protein), which contains the charged COOH terminus of the full protein, on the HAP surface. These experiments demonstrate that the methyl 13 C-labeled side chain of Ala 46 is 8.0 Å from the HAP surface under hydrated conditions, for the protein with and without phosphorylation. The experimental results provide direct evidence orienting the charged COOH-terminal region of the amelogenin protein on the HAP surface, optimized to exert control on developing enamel crystals.
The organic matrix in forming enamel consists largely of the amelogenin protein self-assembled into nanospheres that are necessary to guide the formation of the unusually long and highly ordered hydroxyapatite (HAP) crystallites that constitute enamel. Despite its ability to direct crystal growth, the interaction of the amelogenin protein with HAP is unknown. However, the demonstration of growth restricted to the c-axis suggests a specific protein-crystal interaction, and the charged COOH terminus is often implicated in this function. To elucidate whether the COOH terminus is important in the binding and orientation of amelogenin onto HAP, we have used solid state NMR to determine the orientation of the COOH terminus of an amelogenin splice variant, LRAP (leucine-rich amelogenin protein), which contains the charged COOH terminus of the full protein, on the HAP surface. These experiments demonstrate that the methyl 13 C-labeled side chain of Ala 46 is 8.0 Å from the HAP surface under hydrated conditions, for the protein with and without phosphorylation. The experimental results provide direct evidence orienting the charged COOH-terminal region of the amelogenin protein on the HAP surface, optimized to exert control on developing enamel crystals.
Enamel is composed of unusually long and highly oriented hydroxyapatite (HAP) 1 crystals (1), Ͼ1000 times longer than the HAP crystals found in bone (2) . The molecular interactions leading to this highly controlled structure are not currently well understood, but the organic matrix is observed to be essential to the proper formation of enamel (3) . Amelogenin proteins constitute Ͼ90% of the protein present in developing enamel (3) . Amelogenin knock-out mice experience improper enamel formation, and genetic mutations of amelogenin also result in enamel defects, establishing the importance of amelogenin in enamel formation (3, 4) .
Despite its importance, mechanisms at the molecular level directing amelogenins control of enamel crystallites are not understood. It is known that under physiological conditions, amelogenin self-assembles into nanospheres of ϳ20 nm in diameter, consisting of multiple monomers, and this is believed to be its functional form (5-7). Transmission electron microscope studies have shown that the amelogenin nanospheres align in beaded rows along the c-axis of the developing enamel crystal (5), exhibiting exquisite control over the resulting morphology. This suggests a specific matrix-crystal interaction, yet the region of the protein interacting with HAP to result in the observed crystal regulation has not been identified. It has been postulated, based on experimental evidence, that both the charged NH 2 and COOH terminus of amelogenin are exposed on the surface of the nanospheres (6, 8 -11) , aiding in proteinprotein interactions, increasing the solubility, and enhancing calcium phosphate interactions for the hydrophobic protein (12) . These hypotheses are supported by in vitro experiments, reviewed recently by Moradian-Oldak (13), demonstrating the effect of amelogenins on growing calcium phosphate crystals. Experiments by both Aoba et al. (14) and Moradian-Oldak et al. (15) demonstrate that the loss of the charged carboxyl terminus during proteolytic processing of amelogenin results in reduced affinity to hydroxyapatite and a reduction in ability to inhibit crystal growth. These observations provide some evidence that the COOH terminus is important in the interaction of amelogenin with the calcium phosphate crystal but do not rule out other contributions such as structural change or altered protein-protein interactions. Direct evidence indicating that the COOH terminus is closely interacting with HAP has not yet been presented.
Due to alternative splicing and proteolysis, amelogenins range in size from 5 to 27 kDa (3). A 59-residue amelogenin, LRAP (leucine-rich amelogenin protein), is the naturally occurring result of alternative splicing of the primary transcript (16) and consists of the first 33 and the last 26 residues of fulllength amelogenin. The two segments have been linked to function during biomineralization as they consist of the regions in full-length amelogenin that are found to be almost entirely conserved (Table I ) across all species studied (3, 12, 17, 18) . Similar to the parent protein, LRAP is observed to form into nanospheres (7, 9, 13) , although its specific role in enamel formation has not been determined. Due to its biological relevance and amenable size for selective isotope incorporation, the LRAP protein was chosen for initial investigation of amelogenin orientation on the hydroxyapatite surface. The solid state NMR (SSNMR) dipolar recoupling technique, REDOR (rotational echo double resonance) (19) was used to examine the important amino acids in the LRAP-HAP interaction. A single 13 C isotopic label was incorporated into the side chain methyl group of the alanine at position 46 (Ala 46 ), contained within the charged region of the COOH terminus. The orientation of this protein, LRAP-A, on the HAP surface was deter-* This work was supported in part by the Laboratory Directed Research and Development Program at the Pacific Northwest National Laboratory, a multiprogram national laboratory operated by Battelle for the United States Department of Energy, and was also supported by the United States Public Health Service, National Institutes of Health, NIDCR, Grants DE13045 (to M. L. S.) and DE13404 (to M. L. P.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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mined by measuring the distance from the incorporated 13 C label in the protein to the surface phosphate groups ( 13 Clabeled Ala 46 -31 P). A second labeled protein, LRAP-A*, was synthesized without phosphorylation to remove dipolar coupling contributions not resulting from interactions with HAP. The study of the orientation of this region of LRAP provides new insight into the interaction of amelogenin with the surface of HAP.
EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification
Peptides were synthesized by United Biochemical Research, Inc., Seattle, WA. Purity and identity were established with high performance liquid chromatography and electrospray mass spectrometry, giving a mass of 6927 for LRAP-A and 6848 for LRAP-A*.
Sample Preparation
Off Surface-Samples for measurements off the surface were prepared by dissolving 30 -60 mg of LRAP protein into 1-2 ml of buffer solution (0.15 M NaCl saturated with respect to HAP), diluting to 20 ml with Millipore® water, adjusting to pH 7.4, and lyophilizing.
On Surface-Samples bound to hydroxyapatite were prepared by dissolving 50 mg of LRAP protein into 150 ml buffer and adjusting to pH 7.4. 150 mg of HAP was added to the protein solution. The protein was bound for 1 h, after which the mixture was centrifuged and washed one to three times with buffer. For hydrated samples, the sample was then packed into a rotor for NMR analysis. For analysis under lyophilized conditions, the sample was lyophilized prior to being packed into the rotor.
Distance Measurements
All NMR experiments were performed on a Chemagnetics Infinity console at 300 MHz proton frequency with a Chemagnetics triply resonant, variable temperature probe. REDOR (19) data were collected at Ϫ30°C, spinning at 4000 Hz, using the XY8 pulse sequence (20) with a typical setup utilizing a 14.3-s 180°pulse for carbon (observe), a 12.9-s 180°pulse for phosphorus (dephasing), and a 2-s recycle time. A 6-s 90°1H pulse and a 0.75-ms mixing time were used for crosspolarization, with a decoupling field of ϳ65 kHz and two-pulse phase modulation (TPPM) decoupling (21) used throughout. Seven data points were collected out to 104 rotor cycles, with 4096 -8192 scans taken for each data point and repeated five times. REDOR dephasing curves were simulated using SIMPSON (22) .
RESULTS AND DISCUSSION
Amelogenins have been proposed to nucleate and regulate crystal growth, but some (1, 23, 24) have questioned this ability due to the highly hydrophobic nature of the protein as well as the lack of secondary structural information for the solubilized protein or the protein immobilized onto the mineral surface. The formation of nanospheres are found to be crucial to the regulatory function of amelogenin, possibly creating a hydrophobic core and leaving charged residues found in the NH 2 and COOH termini covering the surface of the sphere (6, 8 -11) . This organization within the nanosphere would optimize charged interactions between the protein and hydroxyapatite and has been suggested based on the results of several studies (9, 10) . Consistent with the placement of the COOH terminus on the surface of the nanospheres, experimental studies have also shown that removal of the COOH terminus reduces the ability of the protein to interact with HAP (14, 15) . Although very promising, these studies do not rule out other contributions such as protein-protein interactions or structural changes playing a key role in the change in interaction mechanism. This study provides direct evidence placing the COOH terminus close enough to the HAP surface to allow interaction that could influence the habit of the inorganic phase.
Orientation of LRAP-A on HAP-SSNMR techniques have been applied successfully to biomineral systems, providing some of the first molecular level structural and dynamic information on this unique class of proteins (25) (26) (27) (28) . The orientation of immobilized proteins has also been investigated on both clay and colloidal surfaces (29, 30) . SSNMR techniques are further applied here to provide site-specific interactions between the (---) . LRAP-A* was prepared without a phosphate group on Ser 16 to further elucidate the observed dephasing and was studied under identical conditions. The dephasing observed for LRAP-A* hydrated on HAP (E) and for LRAP-A* lyophilized from PBS (data not shown) were identical to the dephasing observed for LRAP-A prepared under similar conditions, confirming that the observed dephasing is a result of the phosphate groups in the surface of HAP. This places the charged COOH terminus of the protein close to the HAP surface, enabling protein-HAP interaction and lending support to the interpretation that the biological role of the COOH terminus is to interact with hydroxyapatite crystals.
TABLE I The sequences of bovine LRAP (59 residues) investigated in this work
The underlined boldface A in the LRAP-A and LRAP-A* sequences indicates the 13 C-enriched side chain methyl group of Ala 46 that was incorporated for protein to surface studies. The unphosphorylated "mutant," LRAP-A*, shows Ser 16 replacing Ser 16 (P) (indicated in boldface for clarity but not isotopically enriched) and was studied to verify the orientation of the protein on the surface of HAP. The NH 2 -and COOH-terminal portions of bovine, human, mouse, and pig amelogenin are shown to demonstrate sequence homology (3, 12, 17) . The hydrophobic center portion of the bovine amelogenin is also shown, where # is: YPSYGYEPMGGWLHHQIIPVVSQQTPQNHALQPHHHIPMVPAQQPVVPQQPMMPV-PGQHSMTPTQHHQPNLPLPAQQPFQPQSIQPQPHQPLQPHQPLQPMQPMQPLQPLQPLQPQPPVHPIQPLPPQPPLPPIFPMQ. "..." indicates the central portion of the human, mouse, or pig sequence, similar to #. 
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amelogenin, LRAP, and hydroxyapatite. Determining the distance from a specific residue in the protein to the HAP surface yields a direct measure of the orientation of that region of the protein with respect to the HAP surface, providing insight into the importance of the selected region of the protein in interacting with the enamel surface. Fig. 1 shows the REDOR dephasing curve for LRAP-A off the surface, lyophilized from PBS solution. The complete lack of dephasing indicates that there are no phosphate groups within 10 Å, the longest distance that can be accurately measured for the 13 C-31 P nuclei, as determined by simulations and dipolar coupling values. This result is expected for the unbound peptide and also demonstrates that the tertiary folding of the protein does not bring the Ser 16 (P) near in space to Ala 46 ( Fig.  2A) . Fig. 1 also shows the REDOR dephasing curve for LRAP-A bound to hydroxyapatite both hydrated and lyophilized. There is an obvious increased dephasing in the experimental data for both preparations, showing definitively that Ala 46 is closely interacting with a phosphorus group. Experimental data for the lyophilized, surface-bound protein is best simulated by a distance of 7.0 Å between the 13 C and the nearby 31 P. For the hydrated sample, the distance is somewhat longer at 8.0 Å, indicating a slight modification in interaction due to the presence of water. Assuming there is no structural change in the protein upon binding, this NMR data demonstrates that the 13 C methyl-labeled alanine is near the hydroxyapatite surface, providing compelling evidence that the charged residues of the COOH terminus are interacting with the HAP surface (Fig. 2) .
The above data conclusively demonstrate that Ala 46 is nearby to a 31 P group only when it is bound to the surface, indicating that the local environment at Ala 46 is altered during the binding process. Attributing the nearby 31 P group to the surface phosphate groups (Fig. 2, B and C) without further investigation would be reasonable in the absence of any other 31 P group, but previous inspection of the primary structure revealed a phosphoserine (Ser(P)) in the protein at position 16. While this phosphorus is not close to Ala 46 in the sample lyophilized from solution (as seen by the lack of dephasing in Fig. 1 ), the possibility of refolding on the surface, or intermolecular interactions bringing these two residues in close proximity, does need to be taken into account due to the sensitivity of REDOR to any nearby 31 P. Thus, due to the presence of this phosphoserine residue, further experiments were employed to clarify the source of the 31 P resulting in dephasing. The possible interactions involved, including surface-induced protein refolding or intermolecular interactions, as well as identifying residues interacting with the HAP surface, are all fundamental mechanisms that have not been explored experimentally. Identifying any of these mechanisms will greatly enhance our understanding of the developing biomineral interface.
Orientation of LRAP-A* on HAP-To ascertain whether a structural change or protein-crystal interaction results in the introduction of a nearby 31 P at Ala 46 upon binding to HAP, an unphosphorylated protein was prepared, LRAP-A*, replacing Ser 16 (P) with Ser 16 . Interestingly, this phosphorylation has not been seen to affect the quaternary folding ability of full-length amelogenin (5, 6, 8) . Additionally, the majority of calcium phosphate interaction studies have been undertaken with unphosphorylated rM179 (13) , and HAP interactions are indistinguishable when compared with tissue derived amelogenin (31) suggesting that this phosphoserine group may not play a critical role in HAP interactions.
The REDOR results for LRAP-A* were identical to results for the phosphorylated protein, LRAP-A. Specifically, LRAP-A* off the surface showed no dephasing, as expected due to the lack of 31 P in the protein and the lack of the hydroxyapatite surface. Under hydrated conditions, LRAP-A* bound to the surface had a measured distance of 8.0 Å, indistinguishable from the dephasing observed for the phosphorylated protein, LRAP-A (Fig. 1) . The combined data demonstrate that a secondary or quaternary structural change is not responsible for the observed dephasing. Consequently, the data are compatible only with the interpretation that the COOH terminus of the protein is in close proximity with the calcium phosphate surface. Neutron reflectometry experiments were also utilized to support the SSNMR results. By incorporating several deuterated residues in the COOH terminus of a nearly identical protein, these experiments demonstrated that the deuterated portion of the COOH terminus was an average distance of ϳ10 Å from COO Ϫ terminated silicon surface (used to simulate the charged hydroxyapatite surface), in good agreement with the SSNMR data (details to be published elsewhere). Fig. 2 summarizes the results pictorially. In A, the solubilized protein is shown with a tertiary folding that orients the Ser 16 (P) residue away from the COOH terminus and the Ala 46 residue (the folding depicted is shown purely for illustrative purposes). In B, the experimentally observed dephasing is explained by the interaction of Ala 46 with the surface, confirmed by the control experiments with the unphosphorylated protein, LRAP-A*. In C, the interaction region is expanded, providing a more detailed view of the region of interest and the proximity of the Ala 46 side chain to the HAP surface. Multiple 31 P Interactions-While REDOR is an excellent technique for determining distances between isolated spin pairs, deconvoluting three or more interacting spins is not always possible. There are multiple phosphate groups in the   FIG. 2. A cartoon depicting the protein-crystal interaction determined by SSNMR and confirmed with neutron reflectometry  experiments. A, the LRAP protein in solution with the COOH and NH 2 termini indicated (the folding depicted is shown purely for illustrative purposes, but experiments confirm that Ser 16 (P) is removed in space from the COOH terminus). B, the LRAP protein bound to the hydroxyapatite surface, indicating the proximity of the charged COOH-terminal region to the hydroxyapatite surface. The COOH region is expanded in C, which indicates the 13 C methyl side chain on Ala 46 and it's proximity to a 31 P in the surface of hydroxyapatite.
HAP surface, and the labeled region could be close to more than one 31 P, giving rise to a dephasing curve convoluted by multiple interactions. Simulations (22) of the data in this work fit equally well to one 8-Å distance, a combination of an 8-Å and a 10-Å distance and a combination of two 9-Å distances. While other combinations likely fit the data within the error bars, these combinations are representative of those required to generate reasonable fits for three-spin interactions. For instance, a combination of a 7-Å and 11-Å distance dephases much too quickly, and a combination of two 10-Å distances dephases much too slowly. Four-spin models were also considered, with combinations of 8-, 10-, and 10.5-Å or 9-, 10-, and 11-Å distances fitting the data within the error bars. Irrespective of the number of phosphate groups nearby to 13 C-labeled Ala 46 , simulations of the REDOR dephasing curve place the 13 C-labeled Ala 46 within 7-9 Å of the closest surface phosphate.
The reported results are in complete agreement with the adsorption isotherms and growth kinetics by Aoba (14) and Moradian-Oldak (15) , which demonstrated that removal of the COOH terminus greatly reduced the ability of the amelogenin to interact with HAP. The experimental data presented here provide direct evidence that the COOH terminus is oriented near enough to HAP to allow the acidic residues of the COOH terminus to interact with the surface, removing any argument that previous observations were due to other contributions such as structural changes or protein-protein interactions. By extension, these data provide additional support that the COOH terminus is exposed on the surface of the amelogenin nanosphere and further demonstrate that the experimentally measured constraints favor interaction of the charged residues with HAP, necessary for protein directed mineral regulation.
CONCLUSIONS
The SSNMR results presented here provide compelling evidence for the proximity of the COOH terminus of the amelogenin, LRAP, with the HAP crystal. These results support a role for the charged COOH terminus of amelogenin to interact directly with HAP, contributing to the control of enamel crystal growth by the organic matrix. These data are in complete agreement with previous literature but provide a direct measure of the orientation of the protein on its biologically relevant HAP surface, quantitatively identifying the interaction of the COOH-terminal region of the LRAP protein with the HAP surface. The proximity of the acidic residues and HAP further promote the COOH-terminal directed control of enamel crystallite development.
